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METHODS AND SYSTEMS FOR USE-CASE
AWARE VOLTAGE SELECTION

TECHNICAL FIELD

The present mvention relates generally to digital circuits
and more specifically to the energy usage of digital circuits.

BACKGROUND

In today’s society, electrical and electronic devices are
plentitul. For example, televisions, personal computers and
cellular phones can be found as common household 1tems 1n
many people’s homes. These various electronic appliances
use a significant amount of energy. Moreover, many of these
devices may be battery-powered (or have battery power
options) such that battery life or time between battery charges
becomes an important device parameter.

Contemporary digital circuits require power, which 1s typi-
cally delivered by a voltage source, to operate in the desired
tashion. It 1s generally known that, within limaits, the maxi-
mum speed at which a digital circuit can operate depends on
the voltage level, where a higher voltage 1s required for a
higher speed. Consequently, a digital circuit requires a sudifi-
cient voltage level to operate correctly atits designed speed or
frequency.

For a synchronous circuit to work correctly, the clock fre-
quency {_,, must fulfill the following criteria:

ST

oriE

(1)

where T_ . denotes the longest path propagation time
between two storage elements. To operate at a higher clock
frequency, T _ .. must be lowered. One way that this can be
achieved 1s by increasing the supply voltage V , .. This works
because the propagation delay t, of a basic complementary
metal oxide semiconductor (CMOS) gate 1s related to the
supply voltage V , ; as shown 1n Equation (2) below.

Vi
Iy .
P (Vg — Vip)®

(2)

where V ,, 1s the threshold voltage of the given CMOS tech-
nology, and 1=a=2 which 1s also technology dependent. For
an asynchronous digital circuit, no clock 1s used, and the
circuit basically operates at the maximum speed as set by the
supply voltage.

One way to fulfill the voltage requirement for a digital
circuit 1s to use a fixed, sulliciently high voltage. However, 1t
1s also known that the power P consumed by a digital circuit
depends on the supply voltage, where a higher supply voltage
leads to higher power consumption as shown by:

P=F

Sraxlf

+den

(3)

where P, 1s proportional to V ,, and P, 1s proportional to
Vv~ .. To be power efficient, it is thus desired to use as low of
a supply voltage as possible which allows the circuit to still
function correctly.

To be able to apply as low a supply voltage as possible, 1t 1s
usetul to know what the voltage needs to be for the circuit to
operate. However, the exact relation between supply voltage
and the maximum speed of a digital circuit includes partly
unknown factors, for example, factors that vary between dii-
terent physical samples of the same circuit, and factors that
vary during use of the circuit due to, e.g., operating tempera-
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ture. Thus, the lowest overall supply voltage level 1s usually
obtained by some adaptive method during actual use of the
circuit.

Various systems and methods have been used to reduce or
improve voltage control. For example, such methods include
dynamically changing the voltage as a function of the
required speed or completely turming off the voltage when the
circuit 1s not 1 use. Another method relies on the use of a
replica of the part of the circuit that limits the speed of the
circuit, e.g., the so called “critical path”. In principal, this
minimum supply voltage for the replica 1s determined and
then used, possibly with some margin, for the whole circuit.
However, these various solutions do not use all of the infor-
mation available at run time to select the lowest possible
voltage level for a given required speed for a digital circuit.

Accordingly, systems and methods for determining and
then supplying a lowest possible voltage for a given required
speed for a circuit are desirable.

SUMMARY

Exemplary embodiments relate to systems and methods for
optimizing voltage use 1n digital circuits. According to exem-
plary embodiments, 1t 1s desirable to create situations for
digital circuits such that the effective critical path (ECP) can
be used such as, for example, the case where a digital circuit
includes a plurality of voltage domains powered by individual
and possibly different voltage sources. Advantages according
to exemplary embodiments described herein include, for
example, reduced voltage use 1n digital circuits. However, 1t
will be appreciated by those skilled in the art that such advan-
tages are not to be construed as limitations of the present
invention except to the extent that they are explicitly recited in
one or more of the appended claims.

According to an exemplary embodiment, a method for
operating a device having a plurality of voltage domains and
a plurality of functional units includes the steps of executing
a first set of 1nstructions on a first functional unit having a first
voltage domain and executing a second set of mstructions on
a second functional unit having a second voltage domain,
wherein the first voltage domain 1s different than the second
voltage domain. The overall voltage consumed by the device
during execution 1s minimized by partitioning the instruc-
tions 1nto the first and second sets of program 1nstructions.

According to another exemplary embodiment, a device
includes a first functional unit configured to execute a first set
of program 1nstructions, a first voltage supply connected to
the first functional unit for supplying a first voltage thereto, a
second functional unit configured to execute a second set of
program 1nstructions, and a second voltage supply connected
to the second functional unit for supplying a second voltage
thereto. The first voltage 1s diflerent than the second voltage.
The device also includes a controller for providing the first
and second sets ol program instructions to the first and second
functional units, respectively, and for controlling the first and
second voltage supplies to output the first and second volt-
ages, respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings 1llustrate exemplary embodi-
ments, wherein:

FIG. 1 depicts two voltage domains which use the same
voltage;

FIG. 2 shows two voltage domains which use different
voltages according to exemplary embodiments;



US 8,166,319 B2

3

FIG. 3 illustrates hardware and software components for
optimizing voltage within a voltage domain according to

exemplary embodiments;

FIG. 4 depicts an indicator generator according to exem-
plary embodiments;

FI1G. 5 shows hardware and software components for opti-
mizing voltage within two voltage domains according to
exemplary embodiments;

FIG. 6 illustrates voltage partitioning according to exem-
plary embodiments;

FIG. 7 shows an electronic device according to exemplary
embodiments; and

FIG. 8 shows a flowchart illustrating a method according to
exemplary embodiments.

DETAILED DESCRIPTION

The {following detailed description of the exemplary
embodiments refers to the accompanying drawings. The
same relerence numbers 1n different drawings i1dentily the
same or similar elements. Also, the following detailed
description does not limit the invention. Instead, the scope of
the invention 1s defined by the appended claims.

As described 1n the background, there 1s a relationship
within a digital circuit between supplied voltage and speed of
operation of the circuit. According to exemplary embodi-
ments, to determine and use optimal voltage amounts, 1t 1s
recognized that the critical path of some digital circuits 1s not
fixed, but rather depends upon run-time factors. Prior to dis-
cussing exemplary embodiments which exploit this recogni-
tion, various terms and phrases used herein will first be
described. As used herein, the term “path length” refers to the
way 1n which a part of a digital circuit limits the speed of the
circuit. For example, 1f a first path 1s more limiting than a
second path, the first path 1s longer than the second path, or
equivalently, the second path 1s shorter than the first path.

A digital circuit may be programmably reconfigurable
such that 1t may contain different paths depending upon the
software program that it 1s executing. As used herein, the
longest path over all possible uses and configurations of a
digital circuit 1s termed the “maximum critical path™ (MCP).
Also, as used herein, a “‘use-case” denotes a specific scenario
in which a digital circuit 1s configured and used 1n a restricted
way and during which the voltage to the circuit (or to a portion
of the circuit) 1s held constant. A specific use-case has a
specific longest path that 1s called herein the “effective critical
path” (ECP), where ECP=MCP.

According to exemplary embodiments, 1t 1s possible to find
and define use-cases of sulficient time duration for which the
ECP 1s sufficiently smaller than the MCP which allows the
use of the ECP for determiming the minimum voltage supplied
to the digital circuit during use-cases. For example, consider
a digital circuit used for filter operations, wherein the digital
circuit can be configured to use either 8-bits or 16-bits of
precision. For the 16-bits of precision case, the ECP=MCP,
whereas for the 8-bits of precision case ECP<MCP which
could allow for the supply voltage to be lowered. In another
example, according to exemplary embodiments, consider the
case ol a multiple core digital circuit with individual cores
that can execute different instructions such as addition (add),
subtraction (sub), comparison (cmp) and multiplication
(mul). I, for a significant number of the computations, a core
executes only additions, then 1t 1s likely that ECP<MCP and
the supply voltage can again be lowered.

According to exemplary embodiments, 1t 1s desirable to
adapt to using the ECP rather than the MCP where possible to
determine the needed supply voltage so as to use a lower
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voltage and still maintain proper circuit operation. Addition-
ally, according to exemplary embodiments, 1t 1s desirable to
identify and adapt to situations for digital circuits where the
ECP can be used, such as the case where a digital circuit
includes a plurality of voltage domains powered by individual
(and possibly different) voltage sources and multiple func-
tional units which can be associated with such different volt-
age domains. For such cases, inter-domain optimizations may
exist.

For example, consider a multi-core digital circuit wherein
cach core at a certain time instance or over a certain time
interval executes different instructions, such as addition and
multiplication. In this example, suppose that the multi-core
digital circuit has a plurality of voltage domains with each
domain having a plurality of cores associated therewith.
According to exemplary embodiments, to control and reduce
the supply voltage, programs (or parts of programs) with the
same or similar ECPs are then executed within the same
voltage domain. This concept will now be described 1n more
detail with respect to FIGS. 1 and 2.

According to exemplary embodiments as shown in FIGS. 1
and 2, a digital circuit 2 includes two voltage domains, Volt-
age Domainl 4 and Voltage Domain2 6. Voltage Domainl 4
includes two processor cores 8 and 10 1n this example, where
core 8 1s currently executing program Al 18 and core 10 1s
currently executing program B2 20. Voltage Domain 2 6
includes two cores 12 and 14 1n this example, where core 12
1s currently executing program A2 22 and core 14 1s currently
executing program Al 24. Programs Al 18 and A2 22 require
the voltage Vmax 16 while programs B1 24 and B2 20 require
a lower voltage than Vmax 16, however since each Voltage
Domain 4 and 6 include a higher voltage program, each
Voltage Domain 4 and 6 1s operating at voltage Vmax 16.
According to exemplary embodiments, programs can instead
be partitioned, and then executed, 1n a voltage domain which
1s selected to optimize overall voltage use of a digital circuit
as 1s shown 1n FIG. 2.

Thus, according to the exemplary embodiments in FIG. 2,
the programs 18, 20, 22 and 24 have been moved from their
respective voltage domain associations shown 1n FIG. 1 to
different cores 8, 10, 12 and 14 such that overall voltage
consumption 1s optimized. More specifically, cores 8 and 10
in Voltage Domain 1 4 are now executing programs Al 18 and
A2 22, respectively. Theretore, Voltage Domain 1 4 1s oper-
ating at Vmax 16. Cores 12 and 14 1n Voltage Domain 2 6 are
now executing programs B1 24 and B2 20, respectively. Since
programs B1 24 and B2 20 only require a voltage V2 26,
which i1s lower than Vmax 16, Voltage Domain2 6 can operate
at the lower voltage V2 to optimize overall voltage usage for
the digital circuit 2.

According to exemplary embodiments methods, devices
and systems are provided which i1dentity and partition use-
cases of sufficient time duration for which the ECP 1s suifi-
ciently smaller than the MCP such that using the ECP {for
determining the minimum supply voltage to one or more
voltage domains associated with a digital circuit will benefit
overall voltage consumption for the circuit. An exemplary
system within which this can be implemented 1s shown 1n
FIG. 3, with the square boxes therein denoting hardware
clements and the rounded boxes representing software enti-
ties. However those skilled in the art will appreciate that the
exemplary system of FIG. 3 1s purely illustrative and other
hardware/software configurations are possible.

According to exemplary embodiments, a program P 302 1s
written to control a functional unit F 318 located within a
voltage domain 316 of device or circuit 300. The program P
302 may be written, for example, 1n a high level language
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such as C, 1n a low level language such as Assembly, consist
ol a series of configurations, be an intermediate representa-
tion resulting from partial compilation of a source program,
and the like. Irrelevant of the format of program P 302, pro-
gram P 302 may control a sequence of operations to be
executed by function unit F 318 which can, for example, be a
microprocessor or microprocessor core. Additionally, apart
from the normal language constructs, the program P 302 may
also contain user annotations which can be used to manually
partition the program P 302 into use-cases to assist in voltage
optimization according to these exemplary embodiments.

According to exemplary embodiments, the Operations
Mapping Table O 306 enables program operations and use-
cases to be mapped to indicator sets. In general, the ECP of a
use-case does not depend only upon the specific set of opera-
tions being executed but also upon other things, e.g., the bit
accuracy of the operations being performed as described
above. For each individual use-case there is therefore a
tradeotl regarding how much detail to include 1n the Opera-
tions Mapping Table O 306. For example, use-cases with
more, different parameters potentially provides for voltage
adaptation which 1s closer to the ECP, with the trade off of
requiring more complex information to be provided and/or
processed to achieve that adaptation. Two non-limiting exem-
plary characteristics of use-cases which may be used in the
Operations Mapping Table O 306 are shown below in Table 1,
however other characteristics may also be used and further
examples are given below.

TABL.

L]
[

Factor
Number Description

0 The type of operations and which part of the circuit it uses.
(For example, 1s the multiplier function used or not used.)

1 Semui-static configuration of the circuit. (For example, 1s the
adder configured for &-bit operation or for 16-bit operation.)

Thus Operations Mapping Table O 306 maps each operation
for each configuration to an 1ndicator set and an associated
weilght, examples of which are provided below 1n Tables 4 and
5. According to some exemplary embodiments, the weight
indicates the relative voltage requirement for that indicator
set, where a higher weight requires a higher voltage.

The program P 302 can be processed by a program Ana-
lyzer/Synthesizer A 304 which generates a binary program B
308 that specifies a sequence of operations to be executed by
Functional Unit F 318, and Use-case table U 310. One type of
input to the Analyzer/Synthesizer A 304 1s performance con-
straints. The performance constraints can include latency and
throughput information/constraints. These performance con-
straints can vary between different executions of the same
program P 302. According to an exemplary embodiment, the
Analyzer/Synthesizer A 304 performs functions similarly to a
compiler and/or an assembler. According to another exem-
plary embodiment, the Analyzer/Synthesizer A 304 also ana-
lyzes the program P 302 with respect to the Operations Map-
ping Table O 306. In this case, the Analyzer/Synthesizer A
304 uses one of the user annotated use-cases 1n program P
302, automatically determines use-cases, or interactively 1s
guided by a programmer to divide the program 1nto use-cases.

For each use-case determined, the Analyzer/Synthesizer A
304 according to this exemplary embodiment performs the
tollowing steps: (1) determines the operations for that use-
case; (2) finds the weights from Operations Mapping Table O
306; (3) determines the operation with the highest weight;
and (4) finds the indicator set for the operation with the

10

15

20

25

30

35

40

45

50

55

60

65

6

highest weight. Additionally, the Analyzer/Synthesizer A 304
analyzes all use-cases 1n program P 302 and saves, for each
use-case, its respective indicator set 1n Use-case Table U 310.
The Use-case Table U 310 includes information about the
use-cases 1n program P 302 and for each use-case the associ-
ated 1ndicator set.

According to one exemplary embodiment some of the steps
described above may be performed manually. For example,
manual work block W 312 represents the exemplary case
where the Analyzer/Synthesizer A 304 1s not used, but instead
such functions are performed manually. In this case known,
worst constraints are used, or alternatively, a same program 1s
optimized for a fixed set of constraints and a different set of
binary code 1s generated and selected at run-time. Addition-
ally, when manual work block W 312, e.g., manual analysis,
1s performed instead of using the Analyzer/Synthesizer A
304, both the Use-case Table U 310 and the binary program B
308 may be constructed manually.

According to exemplary embodiments, the Main Control-
ler M 314 manages the change(s) to adapt the supplied volt-
age for each use-case and uses information stored in the
Use-case Table U 310 to perform this function. Before each
use-case 1 program P 302 1s run, to optimize the amount of
voltage to be used, the Main Controller M 314 performs, for
example, the following tasks: (1) find and retrieve the 1ndica-
tor set for the upcoming use-case; (2) configure the Indicator
Generator G 320; (3) mitialize the Voltage Regulator R 324;
and (4) allow the program to be executed when the voltage 1s
stable by sending an enable signal to the Functional Unit F
318 once the assumed worst case settle time of the Voltage
Regulator R 324 and Voltage Source S 322 has elapsed. Alter-
natively, according to an exemplary embodiment, the pro-
gram can be allowed to execute when the Voltage Regulator R
324 with the Voltage Source S 322 transmit a lock signal
which acts as an enable for the Functional Unit F 318. Accord-
ing to another alternative exemplary embodiment, for cases
when the settle time 1s known, the voltage can be ramped up
in advance when going to a higher voltage and ramped down
alter commencing execution of a program with a lower volt-
age requirement while ensuring that the voltage does not
undershoot the minimum voltage requirement. Additionally,
the Main Controller M 314 may store 1n a memory 315 the
selected voltage for each use-case.

According to exemplary embodiments, the Functional
Unit F 318 1s located in a Voltage Domain 316. Functional
Unit F 318 may be a programmable or configurable digital
circuit such as a whole or part of a processor, or a whole or a
part of an accelerator. The Functional Unit F 318 executes a
sequence ol operations as specified by the binary program B
308 which 1t receives. Additionally, for a given use-case, the
Functional Unit F 318 requires some lowest voltage to be
supplied to it for correct operation.

According to exemplary embodiments, the Indicator Gen-
erator G 320 1s a voltage sensitive device that may be part of
the same chip as the Functional Unit F 318. Indicator Gen-
erator G 320 1s programmable which results 1n 1ts ability to
choose between a plurality of configurations. For each con-
figuration Indicator Generator G 320 provides a set of 1ndi-
cators that gives an indication of the relative level of applied
voltage from the Voltage Source S 322. According to a purely
illustrative example, each indicator set can be a binary 1ndi-
cator, €.g., a zero or a one, and an 1indicator set can include two
indicators, where the first indicator indicates 11 the voltage 1s
a little more than required and the second indicator indicates
if the voltage 1s somewhat more than required, 1.e., the second
indicator indicates a higher voltage amount than the first
indicator which enables the regulation of the voltage to be
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within a small and safe region above the minimum required
voltage. Alternatively, each indicator can still be binary with
the indicator set including one indicator, where the indicator
indicates 11 the voltage 1s sutlicient for correct operation of the
use-case or 1 the voltage 1s not sullicient for correct operation
of the use-case. According to an exemplary embodiment,
instead of using an Indicator Generator G 320, a table can be
provided which includes the indicators for the different volt-
ages.

According to one exemplary embodiment, a configurable
device 300 may have a plurality of separate replicas of critical
paths for different independent parts of the Functional Unit F
318. Each configuration which 1s selectable by the indicator
generator G 320 1s then associated with one of the replicas.
According to another exemplary embodiment, the config-
urable device 300 may have one or more configurable critical
paths which allow the capture of more detail. Each configu-
ration of the Indicator Generator G 320 then selects a specific
replica and a specific configuration of that replica. According,
to exemplary embodiments, one purely illustrative embodi-
ment of an Indicator Generator 320 1s shown 1n FIG. 4. FIG.
4 shows an Indicator Generator G 320 which includes five,
optionally configurable, critical path replicas 402, 404, 406,
408 and 410. Voltage 412 from the Main Controller M 314 1s
received by the Indicator Generator 320 and, based upon this
received voltage 412, one or more of the critical path replica
402, 404, 406, 408 and 410 can provide an output, e.g., the
output can be an indicator of a one 1f the voltage 1s high
enough or a zero 1f the voltage 1s too low.

According to exemplary embodiments, the system shown
in FIG. 3 additionally includes a Voltage Regulator R 324 and
a Voltage Source S 322. The Voltage Regulator R 324 inter-
prets the indicators from the Indicator Generator G 320 and
control information from the Main Controller M 314 and then
implements a control algorithm to control the voltage which
1s supplied to the digital circuit by providing control signals to
the Voltage Source S 322. The Voltage Source S 322 provides
a stable voltage to the Voltage Domain 316 and 1s controllable
by the Voltage Regulator R 324 eirther absolutely, e.g., setto a
fixed voltage such as 1.32 Volts, or relatively, e.g., the voltage
amount can increase or decrease by quantums specified in the
control signals from the Voltage Regulator R 324.

According to exemplary embodiments, energy savings can
also be achieved when several different voltage domains
exist. For example, consider a circuit where there are a plu-
rality of voltage domains with different voltages, and also in
cach voltage domain there are a plurality of functional units.
Each individual Functional Unit F 318 can execute individual
binary programs B 308 (or portions of a program, €.g., sub-
routines) that originate from the same source program. Such
an exemplary embodiment is illustrated in FIG. 5. While FIG.
5 shows only two voltage domains 504, 506 cach with two
tfunctional units 308, 310 and 514, 516, respectively, it will be
appreciated by those skilled in the art that any number of
voltage domains and functional units are possible. Addition-
ally, FIG. 5 builds upon the functions described with respect
to FIG. 3 above. Thus for those elements 1n F1G. 5 which have
the same reference number as corresponding elements 1n FIG.
3, reference 1s made to the description above for those ele-
ments.

According to this exemplary embodiment, when there are
several Tunctional units available for execution of operations
specified by the binary program 308, then the Analyzer/Syn-
thesizer A 304 schedules the operations for execution on the
Functional Units 508, 510, 514 and 516 as shown 1n FIG. 5.
The Analyzer/Synthesizer A 304 may choose different sched-
ules with different performance properties, such as through-
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put or latency, 1.e., Performance Constraints Q 528. Analyzer/
Synthesizer A 304 also uses mformation from Operations
Mapping Table O 306 and the known structures of the Voltage
Domains 504, 506 to optimize partitioning of operations 1n
different Voltage Domains 504, 506 with respect to energy
usage, for example using energy optimization techniques
described below. The optimal partitioning is not necessarily
frequency dependent but instead depends on the properties of
the program.

Turming now to a discussion of how the partitioning may be
performed consider that, according to exemplary embodi-
ments, the maximum frequency for a critical path 1n a func-

tional unmit depends on the supply voltage V ., as shown 1n
Equation (4):

Jmal Vaa 7KV a7V )7V gas (4)

where o and the threshold voltage V ,, are CMOS technology
dependent, and K 1s fixed for a specific critical path. Equiva-

lently, the minimum voltage for a given frequency i1s shown 1n
Equation (5):

Voninl)=PH ), (3)

where [3>0 1s given by the specific critical path, and h(1)>0 1s
independent of the specific path but instead depends upon the
above described constants.

Continuing with this example, assume that there are N
operations 1n total to execute for a particular binary program
308. Associated with each operation there 1s a critical path
and a capacitance for executing that operation. The energy for
executing all N operations 1s shown below 1n Equation (6):

(6)

where V 1s the voltage used for operation n, and C, 1s the
capacitance associated with executing operation n. Assum-
ing, without loss of generality and solely for the sake of this
illustrative embodiment, that the operations are sorted such
that the operation with the lowest voltage requirement 1s the
first operation and the operation with the highest voltage
requirement 1s the last operation, then the minimum voltage
requirement for each operation n 1s shown 1n Equation (7):

Vonin V=B, A1), (7)

whereV, . =V, ., forn>n.

According to exemplary embodiments, 11 there are K volt-
age domains, then a partitioning of the operations 1s given by
K indices I, 0=k<K. Voltage domain k 1s then assigned
voltage V,=V .. ., and voltage domain k executes all opera-
tions n with I, _;<n=I_, that 1s, each operation 1s assigned to
the domain with the lowest possible voltage (operation(s)
n=I, 1s assigned to voltage domain 0). To account for the
operation with the highest voltage requirement, one may set
I..,=N-1. An example of a partitioning result using such
techniques 1s shown graphically 1n FIG. 6, where according to
exemplary embodiments, there 1s a partitioning of N=12
operations, for a device having K=3 voltage domains. The
partitioning, in this purely illustrative example, 1s specified by
the indices 1,={2, 6, 11}. The assignments used here are as
follows: 0=n=1,=2 1n voltage domain 0 (VD0) 602; opera-
tions I,<n=I,=6 1n VD1 604; and operations I,=6<n=I, mn
VD2 606.

According to exemplary embodiments, the energy for
execution of all operations using this allocation of operations
to specific voltage domains 1s then given as shown below 1n

Equation 8:
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From this, the partitioning that mimmizes energy 1s repre-
sented by Equation (9).

= Z 'B%k Z Cn’k —n
p n

Equation (9) minimizes the energy for all frequencies. It 1s
thus suificient for the Analyzer/Synthesizer A 304 to save the
indicator sets for the operations corresponding to the opera-
tion with the highest voltage requirement 1n each partition.
Returming now to FIG. 3, according to other exemplary
embodiments Operations Mapping Table O 528 may thus also
include extended characteristic information, e.g., capacitance
information, to facilitate partition calculation as described
above, an example of which 1s shown below 1n Table 2.

(9)

TABLE 2
0 Capacitance for operations using, for
example, multiplier, adder or comparator
functions
1 Capacitance for different semi-static

configurations of the circut. For example,
capacitance when using accumulator when 1t
1s configured for rounding or truncation.

2 Capacitance for the dynamic use of the digital
circuit. For example, capacitance when
multiplier used only for 8-bit multiplications,
or also for 16-bit multiplications.

To better enable the reader to understand how the partition-
ing of programs according to these exemplary embodiments
may be performed, a specific example which uses the afore-
described partitioning techniques will now be discussed.
However it should be recognized that this example 1s intended
to be purely 1llustrative, rather than limiting, of the present
invention. Thus, according to an exemplary embodiment,
suppose that a particular program P 302 1s generated for

operation within a digital circuit (such as that illustrated 1n
FIG. §) as shown 1n Table 3.

TABL.

add
sub
mul
cmp

(L]
(o

An Operations Mapping Table O 306 1s then generated based
on this program P 302. While Operations Mapping Table O
306 may be generated as a single table, or 1n any desired data
storage format, 1t 1s shown below as two tables, Table 4 and
Table 5 associated with different semi-static configurations,
respectively, for clarity of the discussion.

(3)
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10
TABL.

(Ll

4

(Semi-static configuration 1)

operation indicator(s) weight (p) capacitance (C)
add 1 5 2
sub 1 5 2
CImp 1,2 6 2
mul 1,3 10 32
TABLE 5
(Semui-static conficuration 2 )
operation indicator(s) welght () capacitance (C)
add 1 7 2
sub 1 7 2
CImp 1,2 6 2
mul 1,3 20 32

?

The Analyzer/Synthesizer A 304 analyzes the program P
302 and selects which of the two the semi-static configura-
tions of the digital circuit are appropriate for execution of all
(or a portion of) the program P 302. As described above,
digital circuits may have different semi-static configurations
in which they can operate, e.g., bit resolutions, which may
elfect voltage consumption and for which, therefore, Opera-
tions Mapping Table 306 may have different data entries
associated therewith. In this example, suppose that the Ana-
lyzer/Synthesizer A 304 determines, 1n this purely 1llustrative
example, that it 1s semi-static configuration 1 as shown 1n

Table 4 1s to be used. The Analyzer/Synthesizer A 304 then,

for each 1nstruction 1n the program P 302, obtains the corre-
sponding parameters irom the Operations Mapping Table O
306 and then determines a partition that minimizes the total
energy needed relative to the Performance Constraints (Q 528,
¢.g., 1n the manner described above. According to exemplary
embodiments, Performance Constraints (Q 528 include con-
straint information such as latency and throughput informa-
tion. Output from the Analyzer/Synthesizer A 304 includes
the binary program B 308 and the Use-case table 310.

While voltage optimization 1s typically not performed
solely by the Analyzer/Synthesizer A 304 according to this
exemplary embodiment, for further understanding of such
embodiments, assume that the operations (add, sub and cmp)
are assigned to Voltage Domain 1 504 and that the operation
(mul) 1s assigned to Voltage Domain 2 506. For each domain
Analyzer/Synthesizer A 304 also finds the operation with the
highest weight and the corresponding indicators. For Voltage
Domain 1 504 the weight 1s si1x, given by cmp as found 1n
Table 3, and the indicators are (1, 2). In Voltage Domain 2 506
the weight 1s 10, given by mul, and the indicators are (1, 3).
During run-time, in this example, the Main Controller M 314
configures Voltage Domain 1 504 to use the indicators (1, 2)
during program execution and it configures Voltage Domain 2
506 to use 1indicators (1, 3) during execution.

It will be appreciated by those skilled 1n the art that devices
which implement these exemplary embodiments may, but
need not, have all of the elements 1llustrated 1in FI1G. 3 or FIG.
5. For example, some elements and their corresponding func-
tions could be located at manufacturing facilities/performed
during manufacturing of the end use devices, e.g., those ele-
ments 1 block 550, whereas other elements/functions, e.g.,
those 1n block 552, could be disposed 1n the commercial end
use product. Other delineations are also possible. Addition-
ally, various items within product 502, as compared with FI1G.
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3, have been scaled up. For example, product 502 includes
two Voltage Domains 304 and 506, each of which include two
functional units F11 508, F12 510, F21 516 and F22 514
respectively. In support of this, each Voltage Domain 504 and
506 has 1ts own Voltage Regulator 520, 524 and Voltage
Source 522 and 526. Main Controller M 314 has the ability to
configure individual indicator sets for each Voltage Domain
504 and 506 for use. While two Voltage Domains 504 and
506, as well as their supporting components, are shown, prod-
uct 502 can include more or fewer Voltage Domains and more
or fewer associated components, as desired.

According to exemplary embodiments, the above
described exemplary embodiments can be employed to opti-
mize voltage, 1.e., place and execute instructions 1n voltage
domains such that overall voltage use can be minimized, 1n
devices which use digital circuits. This can reduce overall
energy use and, 1n battery operated devices, extend battery
life by reducing charge use. Examples of devices which can
use digital circuits include, but are not limited to, cellular
phones, devices with processors, and the like.

The exemplary embodiments described above provide
methods and systems for optimizing voltage use 1n digital
circuits. Electronics device 700 can contain a processor 702
(or multiple processor cores), memory 704, one or more
secondary storage devices 706, a communications interface
708, one or more voltage source 522 (while not explicitly
shown voltage source 522 can supply voltage as needed to any
clement within electronic device 700) and one or more volt-
age regulators 520. Processor 702 can include one or more
functional units 508 and an indicator generator 512. Addi-
tionally, the processor 702 can include a plurality of voltage
domains 504 and 506. A portion of the processing capability
of the electronic device 700 can perform the function of the
Main Controller 314 and memory 704 can store information
as desired, e.g., the Use-case table 310, associated voltages,
and the like. Accordingly, the exemplary embodiments
described above can be executed within electronic device
700, e.g., a cellular phone, to reduce overall voltage usage.

Utilizing the above-described exemplary systems accord-
ing to exemplary embodiments, a method for operating a
device 1s shown 1n the flowchart of FIG. 8. Initially a method
for operating a device having a plurality of voltage domains
and a plurality of functional units includes: executing a first
set of instructions on a first functional unit having a first
voltage domain 1n step 802; and executing a second set of
istructions on a second functional unit having a second
voltage domain, wherein said first voltage domain 1s different
than the second voltage domain, and wherein an overall volt-
age consumed by the device during execution 1s minimized

by partitioning the imstructions into the first and second sets in
step 804.
The above-described exemplary embodiments are

intended to be 1llustrative 1n all respects, rather than restric-
tive, of the present invention. Thus the present invention 1s
capable of many variations in detailed implementation that
can be dertved from the description contained herein by a
person skilled 1n the art. All such variations and modifications
are considered to be within the scope and spirit of the present
invention as defined by the following claims. For example,
while voltage 1s described 1n the exemplary embodiments
herein, power and energy consumption which are related to
voltage are also reduced through the use of the above
described exemplary embodiments. No element, act, or
instruction used 1n the description of the present application
should be construed as critical or essential to the invention
unless explicitly described as such. Also, as used herein, the
article “a” 1s intended to 1include one or more 1tems.
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The mvention claimed 1s:

1. A method for operating a device having a plurality of
voltage domains and a plurality of functional units compris-
ng:

executing a first set of instructions on a first functional unit
having a first voltage domain;

executing a second set of mstructions on a second func-
tional unit having a second voltage domain;

receving information mcluding a program, performance
constraints and a table, wherein said table includes
matched information of operations and indicator sets;
analyzing said information; and

outputting said use-case table and said binary program,

wherein said first voltage domain 1s different than said
second voltage domain, and

wherein an overall energy consumed by said device during
execution 1s minimized by partitioning said instructions
into said first and second sets.

2. The method of claim 1, further comprising:

storing a use-case table associated with a binary program
which has been partitioned 1nto said first and second sets
of 1nstructions;

retrieving an indicator set for a use-case for each voltage
domain from said use-case table:

configuring an indicator generator for each voltage domain
based said indicator set for said use-case for each voltage
domain, wherein each configuration of said indicator
generator for each voltage domain 1s associated with a
path 1n said device to optimize voltage used within each
voltage domain; and

imitializing a voltage regulator associated with each voltage
domain prior to executing said first and second sets of
instructions on said first and second sets of functional
units, respectively.

3. The method of claim 2, wherein said program includes at

least one command.

4. The method of claim 3, wherein said command includes
at least one of addition, subtraction and multiplication.

5. The method of claim 1, wherein said performance con-
straints 1nclude at least one of latency information and
throughput information.

6. The method of claim 1, wherein said step of analyzing
said information further comprises:

determiming operations for each use-case;

retrieving weights from said table;

determining an operation with a highest weight; and

finding an indicator set for said operation with said highest
weight.

7. A device comprising:

a first functional unit configured to execute a first set of
program instructions;

a first voltage supply connected to said first functional unit
for supplying a first voltage thereto;

a second functional unit configured to execute a second set
of program instructions;

a second voltage supply connected to said second func-
tional unit for supplying a second voltage thereto, said
first voltage being different than said second voltage;

a controller for providing said first and second sets of
program 1nstructions to said first and second functional
units, respectively, and for controlling said first and sec-
ond voltage supplies to output said first and second
voltages, respectively; and

an operation mapping table which includes a mapping
between each program 1nstruction and a weight which 1s
associated with a voltage needed by said device when
said program instruction 1s executed by said device.
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8. The device of claam 7, wherein said first and second
functional units are any one of: processors, processor cores
and accelerators.

9. The device of claim 7, wherein said controller uses said
weilghts stored 1n said operation mapping table to partition
program 1instructions into said first and second sets of pro-
gram 1nstructions in a manner ntended to minimize overall
energy consumption by said device.

10. The device of claim 7, wherein said operation mapping
table further includes indicators which are used to indicate a
relative voltage level associated with said program instruc-

tions.
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11. The device of claim 7, wherein said first set of instruc-
tions and said second set of instructions are grouped together
based upon their respective voltage requirement characteris-

tics.
12. The device of claim 7, wherein said operation mapping

table further includes information associated with a capaci-
tance which 1s associated with executing said program
instructions.
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